Abstract--This paper proposes a secondary control method using an active rectifier for a double-sided LCC tuned wireless power transfer system (WPT) to reduce the communication requirements of the system. As the active rectifier regulates the output power with a constant primary coil current, the secondary circulating time interval is adjusted while maintaining a unity power factor. First, circuit modelling and sensitivity analyses for the voltage gain, input impedance, coil current rating and power transfer are investigated with a design example of 20kW WPT. Subsequently, the control scheme is developed by considering the four operation modes with the phase difference as the control variable. To prove the effectiveness of the proposed control method, a simulation model is built, and the results demonstrate good dynamic performance with high accuracy for voltage regulation. Compared with the conventional secondary control, it improves the performance of the system along with a well-developed converter gain by maintaining the equivalent load resistive and reduced circulating time intervals, which further improves the system efficiency. The proposed system also eliminates the need for an additional dc/dc converter on the secondary side.
In this paper, a WPT system is designed and modelled for medium duty plug-in hybrid electric delivery trucks with 11-inch airgap. Considering the large airgap between the coils, the double-sided LCC compensation network is implemented. To achieve vehicle side regulation for enhanced stability, control simplicity, and reduced communication requirements, secondary side control using an active rectifier is proposed for the double-sided LCC topology. The paper is organized as follows: Section II briefly discusses the system modelling and circuit sensitivity analyses. Section III introduces the proposed control scheme and investigates the system stability. Additionally, a comprehensive comparison between the conventional secondary control and the proposed one is presented. Furthermore, simulation results are presented to prove the effectiveness of the proposed control methodology. Finally, Section V puts forward conclusions with relevant discussions. Fig. 1 shows the circuit topology of the double-sided LCC compensated converter, which contains three stages, i.e., a high-frequency inverter, a double-sided LCC compensation network, and an active rectifier. 1~4 are four MOSFETs in the primary side. Different from the conventional doublesided LCC compensated topology [10] , in this work, two diodes 1~2 and two MOSFETs 5~6 in the secondary side are implemented to form a semi-bridgeless active rectifier. Moreover, 11 , 11 , and 12 are the primary resonant inductor and capacitors while 21 , 21 , and 22 denote the secondary compensation components. 12 and 21 are the self-inductances of the transmitting and receiving coils, respectively.
II. SYSTEM DESCRIPTION AND ANALYSIS

A. Circuit Modelling
is the coupling factor between the primary and secondary couplers. The equivalent circuit of the converter is shown in Fig. 2 using the loosely coupled transformer model [10] , where 1 is the fundamental component of the inverter output voltage.
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where denotes the output voltage of the converter; 1/ represents the turns ratio of the transformer model of the couplers and is defined as,
To simplify the design procedure and achieve a constant resonant frequency, the following equations are established in [10] , 
where, is the constant resonant frequency. Thus, constant current source behavior can be achieved at resonance and the resonant frequency does not depend on the load and coupling factor. Therefore, the voltage gain of the converter can be derived as,
where, = 1 − 
B. System Design Considerations
A design example with nominal power of 20kW and maximum of 30kW is achieved for an 800VDC input and 650VDC output wireless EV charging system. Note that identical coils and symmetric tuning parameters in primary and secondary sides can help reduce the peak resonant current and voltage. A list of key design parameters is summarized in Table I . Based on Eq. (6) and Table I , circuit sensitivity characteristics are shown in Fig. 3 . As can be seen from the figure, around the resonant frequency region, the input impedance is inductive and zero-voltage switching (ZVS) for the primary side MOSFETs can be realized. Furthermore, the primary coil current is insensitive to the switching frequency and is relatively low, which simplifies the control and reduce the conduction losses. It is worth mentioning that the system has a good tolerance to the coil misalignments around the resonant frequency [15] , as can be seen from Fig. 3 .
III. THE PROPOSED CONTROL METHODOLOGY
A. Conventional control method
For the semi-bridgeless active rectifier, the control variable in the active rectifier is the phase difference between the secondary current and the bridge voltage , which is determined by the gate signals and defined as,
where the function has the unit of radian. Besides, full duty cycle is utilized to reduce the conduction loss. By means of adjusting the circulating period, output voltage can be regulated. There are four operation modes as described below:
-Mode 1: During this period, the rectifier switch 6 is turned on and the diode 1 is conducting. The positive resonant current flows through 6 and 1 to charging the battery load. -Mode 2: During this period, the rectifier switch 6 is still on but the body diode of switch 5 is conducting. The negative resonant current bypasses the load and the two top diodes are reverse biased. -Modes 3 and 4 are symmetric to Modes 1 and 2 when switch 5 is on instead of 6 .
As can be seen from Under this condition, there is no circulation phenomenon and the secondary side behaves like a diode bridge. Therefore, = .
2) lagging the gate signals As can be seen from Fig. 5 
Therefore, ′ ( ) can be derived as:
Eq (10) shows the fundamental harmonics of the bridge voltage ′ ( ) is not in phase with , which means that the load impedance is not purely resistive. The conclusion is applicable to condition (c) when is leading the gate signals. Note that the initial gain will change along with the phase difference, which leads to a complicated phase estimation between the input voltage and secondary current. Moreover, the asymmetric circulating period results in an equivalent load impedance of capacitive or inductive, which further increases the reactive power in the system.
B. Proposed control method
As analyzed in subsection III.A, if the load impedance seen into the active rectifier is not resistive, efficiency would be affected and reactive power would be increased. Thus, in order to maintain a resistive impedance, the fundamental harmonics of the bridge voltage ′ needs to be in phase with When the switch is turned on, the secondary current circulates through the resonant tank. Similar to the conventional method, the phase angle determines the fundamental harmonics of the output voltage. By means of FHA, the fundamental bridge voltage and output voltage can be obtained as follows
where is the RMS value of the output voltage; ( ) is the converter gain in Eq. (6) with respect to the control variable since changes the equivalent load and further changes the voltage gain of double-sided LCC converter. Compared with the case of a diode bridge, the active rectifier increases the gain by a factor of 1/cos (2 ) . Thus, the equivalent load impedance seen into the rectifier is purely resistive and is expressed as 
As can be seen from Eq. (11), the increase of would leads to the decrease of cosine function in the denominator of . However, on the other hand, the increase of consequently changes , which affects the converter gain in practice. Therefore, the output voltage can be regulated by adjusting the turn-on time of switches. Fig. 7 shows the three-dimensional gain surface plot versus and switching frequency. Note that the gain is insensitive around the resonant frequency with respect to different phase difference, which enhances the system stability. 
C. Control loop design
The control scheme for the voltage regulation is given in Fig. 8 . In order to ensure the in-phase operation of the secondary current and fundamental bridge voltage , a reference sinusoidal waveform is generated by the second order generalized integrator (SOGI) phase locked loop (PLL) using current sensing. Moreover, the output of the PI controller plays the role of the comparison line, with which the phase angle can be obtained from the reference sinusoidal waveform. The transfer function of the comparison line ( ) is defined as,
where , are the PI parameters, respectively; denotes a sensitive gain to obtain the required change in the duty cycle. As can be seen from Fig. 8 , at an instant when the output voltage is less than the reference value, the effective duty cycle would increase with the adjustment of phase and viceversa. It is noteworthy to mention that the sensitive gain acts as a common factor to both the proportional and integral gains, which keeps the controller at zero location intact [12] . However, the equivalent proportional parameter (kp) increases with a higher sensitivity gain, which in turn increases the gain-crossover frequency. This helps in achieving a faster dynamic response upon any load/line disturbance at the cost of reduced noise susceptibility, which can be resolved by an appropriate zero selection of the controller. Vref Thus, can be expressed as,
Vo
By means of inverse sinusoidal approximation and Taylor series expansion, Eq. (16) can be approximated as, = + Therefore, the loop gain of the system can be plotted in Fig. 9 . Although high attenuation to the higher frequency (>switching frequency) components is not offered by the PI controller, sufficient phase margin is maintained. This helps the system act as more robust to any high frequency disturbances. Note that this closed loop control strategy can be implemented to achieve constant current (CC) charging of the battery. In the closed current loop, the output current is sensed as feedback signal and regulated by means of pulse width modulation in the active rectifier. The CC charging raises the battery terminal voltage until the upper charge voltage limit is reached, when the current drops due to saturation. Thus, CC charging can be achieved by using this control loop strategy.
D. Simulation and experiment verification
To demonstrate the effectiveness of the proposed control strategy, a simulation model is built in Simulink using the parameters in Table I , and an experiment platform for digital control and sensing is developed. Note that the primary side is in open loop under the resonant frequency as primary side regulation is not needed in the designed scheme. The nominal coupling factor of 0.19 is utilized. 10 shows the operational waveforms using the proposed control strategy. The start-up waveform of the output voltage in Fig. 10 (a) indicates that the steady state error is <1% with good dynamic performance [14] . In addition, it is observed that overshoots are eliminated in the start-up tests using the secondary active rectifier. The load transient from 10kW to 20kW is achieved with a settling time of 5ms in Fig. 10 (b) . Steady state waveforms of the control signals, and with a 650V voltage reference are shown in Fig. 10 (c) and (d) . Note that during the periods when the switches are on, the secondary current crosses zero and increases/decreases slowly, which reduces the circulating power loss.
Moreover, a detailed comparison on the circulating period between the conventional and proposed control methods is investigated with considering the computational error and is shown in Fig. 11 . For a given output voltage reference, the phase difference varies. The larger leads to the longer circulating interval and more power loss. Although bridge voltages are different due to the different control methodologies, the fundamental components of them are the same, which is consistent with the theoretical analyses. 
VI. CONCLUSIONS
In this work, a secondary voltage control loop is implemented using the active rectifier in a double-side LCC compensated converter. First, circuit modelling and sensitivity analyses for the voltage gain, input impedance, coil current rating and power transfer levels are investigated with a design example of 20kW WPT. Subsequently, a compensator-based control scheme is obtained by considering four operation modes with the phase difference as the control variable. Mathematical analyses on the conventional control method is investigated for comparison. Compared with the conventional secondary control, it improves the performance of the system along with a welldeveloped converter gain by maintaining the equivalent load resistive and reduced circulating time intervals, which further improves the system efficiency. To prove the effectiveness of the proposed control method, a simulation model and an experiment platform for digital control and sensing are developed. The simulated results show high accuracy for the voltage regulation with the steady state error <2%. Moreover, a detailed comparison on the circulating period between the conventional and proposed control methods is investigated with considering computational errors, which shows shorter circulating periods for the proposed one. For future work, soft switching operation conditions of the proposed control method will be explored.
